Introduction
The spleen has gained ascendancy as the source of a multi-lineage stem cell population with myriad applications to regenerative medicine [1, 2] . The stem cell population was identified more than a decade ago when a previously uncharacterized stem cell population from the spleen of normal animals was infused into non-obese diabetic (NOD) mice with type I diabetes. The donor stem cells of the spleen migrated to the host's pancreas where they could in part differentiate into functional pancreatic insulin-secreting islet cells that restored blood sugar levels to normal, as long as the stem cells were accompanied by an immune therapy that abolished the underlying autoimmunity [3, 4] . Two lineage tracking techniques determined that the donor spleen cells differentiated into pancreatic islet cells instead of fusing with host cells. In 92% of the mice, the donor cells stayed fully functional for >120 days [4] . The splenic stem cells were also shown to be beneficial for indirect support (via release of growth factors), as well for endogenous regeneration [4, 5] . Additional studies were to follow on the role of the spleen in assisting regeneration, at least in murine models. Studies by Swirski et al. identified a splenic reservoir of cells that were deployed to induced heart damage that also assisted in repair [6] . Why was the spleen so potent in assisting regeneration? Subsequent studies revealed that the splenic stem cells in mice expressed the embryonic transcription factor Hox11, also known as Tlx1 in the human [1, 2, 7] . The population was present in normal adult humans of all ages [7] (Figure 1 ), putting to rest the dogma from developmental biology that Hox11 expression ceases at birth [8] . The study also showed that Hox11 expression in normal human adults was restricted to the spleen as opposed to bone marrow, kidney, liver, and tonsil [7] .
The emergence of a splenic stem cell population as the source of pancreatic islets first helped explain puzzling clinical observations with atrophy or dysfunction of the pancreas was preceded by removal of the spleen. Splenectomy is sometimes necessary in cases of pancreatitis, thalassemia, immune thrombocytopenia, and trauma. When the distal pancreas is resected for chronic pancreatitis, the rate of insulindependent diabetes increases with splenectomy compared to spleen preservation [9, 10] . Splenectomy for children with severe thalassemia also increases the risk of insulin-dependent diabetes [11] [12] [13] . Even more impressive is the evolving association of traumatic splenectomy and gradual onset of diabetes [14, 15] . These studies suggest that when the diseased pancreas falls below a threshold function, stem cells from the spleen are released, without which diabetes is common. When resecting the diseased pancreas, spleen preservation is recommended specifically to reduce the rate of diabetes [9, 10] . Similarly, trauma patients who require laparotomy with splenectomy have significantly higher blood glucose levels after long-term follow up compared to patients who require laparotomy with bowel resection [14] . Trauma patients who received or did not receive splenectomy in large case series of over 16,438 adults also show after a 3-year period a twofold higher risk of diabetes [15] . Therefore, the pancreas after traumarelated shock also may benefit from splenic stem cells and splenic preservation is encouraged. With splenic atrophy from cystic fibrosis, spleen size is inversely related to Hemoglobin (Hb) A1C levels; the smaller the spleen, the higher the HbA1c [16] . The diseased pancreas in cystic fibrosis may also benefit from splenic stem cells. As the spleen atrophies, stem cell availability drops and pancreas function fails, increasing HbA1c levels. These clinical observations support the role of multi-lineage cells from the spleen as being necessary to maintain pancreas function.
Hox11 is a transcription factor encoded by a highly conserved homeobox gene that activates a multitude of other genes responsible for cell fate and differentiation [18] [19] [20] . Hox11 also plays a dramatic role in regeneration, considering that persistent upregulation of a Hox11-like gene in newts contributes to regeneration of entire limbs and tails [21, 22] . Hox11 is obligatory for development of spleen because Hox11 -/knockout mice fail to form a spleen [23] . Hox11 is specifically expressed in the capsule and trabeculae of the spleen and the capsule appears responsible for the survival of the splenic stem cell precursors. Its absence likely leads to precursors' cell death after E12.5. The Hox11 gene is essential for cell survival during spleen development. Hox11 is expressed during embryogenesis also in a wide range of tissues other than the spleen, including brachial arches and presumptive pharynx, tongue, mandible, ear, salivary gland, hindbrain, spinal cord, and cranial ganglia, and pancreas [8, 24, 25] . In the murine species and by histologic monitoring, Hox11 expression occurs beginning E8.5 [26] . However, genetic deletion of Hox11 does not lead to abrogation of the development of these other tissues pointing towards a highly specific and unique relationship between Hox11 and the spleen. If affected by disease, these organs and tissues might potentially benefit from Hox11 stem cells as therapy.
One key question is why these multi-lineage and unique stem cells are found in the spleen. The answer may trace their origin to a portion of the embryo known as the aorta-gonad-mesonephros (AGM), a region of the mammalian embryo that forms directly from a cluster of cells known as the para-aortic splanchnopleura (P-Sp) ( Figure 2 ). Forming at embryonic day 10 in mice, the AGM is a band of tissue that is the first intra-embryonic site of hematopoiesis. When transplanted into neonatal mice, AGM cells show pluripotency [27] . The yolk sac, which is extra-embryonic, is the only other site of hematopoiesis at this time during development [27, 28] . Upon further development, hematopoietic stem cells migrate to the embryonic liver and spleen where they continue to generate hematopoietic cells. It is only later, on embryonic day 15, that the bone marrow takes over hematopoiesis.
One hypothesis is that the spleen's population of Hox11 stem cells is precursors to hematopoietic stem cells. In the absence of disease, Hox11 stem cells during adult life are not found in the bone marrow [1, 2, 4, 29] .
Interrelationships during development may explain the role of the spleen as harboring pancreatic stem cells. The spleen and the pancreas are formed around the same time during development and in close proximity, according to decades of descriptive embryology in a wide range of vertebrate species [30] [31] [32] . The spleen has a mesodermal origin, as does an embryonic portion of the pancreas, the dorsal pancreatic mesoderm. Even though the main body of the pancreas is formed from endoderm and the spleen is from mesoderm, there are interactions in terms of trophic factors released from dorsal pancreatic mesoderm [31, 33] . A dramatic indication of the close relationship during development between the spleen and the pancreas comes from a knockout study in which mice that were genetically devoid of an exocrine pancreas, due to deletion of the PTF1 gene, had formed fully functional islets located in the spleen instead of the missing pancreas [34] .
Multi-lineage Potential of Splenic Stem Cells
One major benefit of stem cells residing in the spleen, a nonessential organ, is that they could be harvested for their applications to regenerative medicine without severe health consequences. Besides Type 1 diabetes, splenic stem cells have therapeutic potential for diseases of other organs by virtue of their capacity to directly differentiate into specific tissues, or indirectly provide growth factors for differentiation of those tissues [4, 5, [35] [36] [37] . Splenic stem cells uniquely contribute directly or indirectly to regeneration of bone [38, 39] , salivary gland [36, 40, 41] , cochlea and cranial nerve [24, 25] , endothelium [42] , blood [4] , possibly heart [6] and brain cells [43, 44] (Figure 3 ). In one of the earliest studies, a transgenic mouse line that overexpresses IL-5 displayed ectopic bone formation in the spleen [38] . This study suggests that IL-5 overexpression serves to mobilize osteogenic progenitors. In a related study, spleen-derived stromal cells from rats were isolated and cultured in conditions intended to induce osteogenic differentiation, i.e., fibroblast growth factor 2 and dexamethasone [39] . After the primary cultures attained confluence, they were subjected either to an osteo-inductive medium or implanted into immuno-deficient mice. Although nothing emerged from the in vivo experiments, the cultured spleen cells managed to deposit a mineralized matrix. Further analysis established their expression of bone proteins such as osteocalcin and bone sialoprotein. The study concluded that the spleen stromal cells can differentiate into bone cells given a permissive microenvironment.
In a test of salivary gland regeneration, donor splenocytes were infused into NOD mice, which not only display type I diabetes, but also a Sjogren's-like disease, which is marked by reduced salivary flow as a result of immunological attack on the salivary gland [40] . All NOD mice receiving the splenocytes, along with an immunotherapy that destroyed autoreactive T cells, revealed complete recovery of salivary flow. The recovery was achieved by a combination of rescue of salivary epithelial cells, as well as differentiation of splenocytes into salivary epithelial cells, according to fluorescence in situ hybridization and immunohistochemical staining. The animals also became normoglycemic due to the treatment's beneficial effects on the pancreas [36] .
Circulation begins
NOD mice also exhibit profound structural abnormalities in the cochlea that produce hearing loss. Deafness is present at birth in the NOD mouse, occurring before onset of type I diabetes and Sjogren'slike syndrome disease [24, 25] . Donor splenocytes given to NOD mice, along with an immunotherapy that abolishes the underlying autoimmunity, resulted in two of eight animals showing complete and permanent recovery in hearing and two others exhibiting some minor improvement as demonstrated by lower thresholds in the auditory brainstem response (a lower threshold is indicative of better hearing). When examined histologically, the two successfully treated mice showed a normal spiral ligament with a full, or nearly full, population of cells in the lower third turn and lower second turn of the cochlea. Additionally, the morphology showed that the organ of Corti was restored, carrying a full population of hair cells and apparent restoration of the tunnel of Corti in the lower second and third turns. This murine study concluded that splenic stem cells, combined with immunotherapy, can directly or indirectly regenerate the cochlea and VIII cranial nerve in order to reverse or mitigate hearing loss.
The implications of splenic stem cells for systemic autoimmune diseases, such as Sjögren's syndrome, are less clear. Involvement of splenic stem cells in the development of adaptive immunity has been demonstrated. For T cells, it has been shown [45] that thymic and intestinal T cell precursors reside in the spleen, however, these cells were not essential for development of T cell subsets since transplanted bone marrow HSC could substitute completely. In contrast, the spleen is the essential organ for B1a B cell generation [46] completely independent of bone marrow B cell subsets. B1a B cells originate from lineage negative precursors located in the spleen already from birth on [47] and play a crucial role in producing the protective film of sIgA on the gut luminal site as part of natural antibodies. Recent studies in HOX11 knockout mice [48] provide evidence that B1a B cells in contrast to B1b and B2 B cells are responsible for the provision of sIgA on mucosal surfaces. Since Sjögren's syndrome is mainly affecting excretory glands at mucosal surfaces, there is a possibility of impaired B1a B cell functions related to splenic abnormalities. However, studies in humans are inconclusive about the existence of a human B1 B cell population [48] [49] [50] and lack deeper insight in HOX11 and IgA abnormalities in patients with Sjögren's.
Nevertheless, the spleen plays an important role in B cell differentiation, especially for full maturation of immature transitional B cells into naïve B cells after leaving the bone marrow and again prior and
presumably after antigen encounter. The latter maturation step is unique to splenic function since splenectomy results in accumulation of naïve B cells and substantial reductions of memory B cells [51] [52] [53] [54] . Notably, patients with Sjögren's syndrome without splenectomy show a similar peripheral B cell distribution with predominant naïve and substantially reduced memory B cells [55, 56] as splenectomized individuals. This is in contrast to the increase of memory B cells with reduced CD27-naïve B cells in systemic lupus erythematosus (SLE) [57] . Thus, splenic stem cells could possibly complete by a second maturation imprinting full B cell development which might be impaired under the condition of Sjögren's.
Splenic cells' contribution to heart regeneration was demonstrated in rodents by Swirski et al. [6] . These investigators splenectomized a host animal and transplanted a donor spleen into the host. They then surgically induced ischemia of the myocardium. They showed that undifferentiated splenic monocytes exited the spleen en masse, and accumulated in the heart where they contributed to wound healing. The mechanism of heart healing was not investigated; it could have benefited the host by both indirect and direct mechanisms-by splenocyte secretion of local growth factors or by direct differentiation. This study was the first to show directly that the cells migrated from the spleen to the heart.
In a separate study, Offner et al. [58] found that induction of stroke not only affects the brain but also the spleen. After stroke induction, the study uncovered a shrinkage of the spleen from rampant cell death (90% reduction in cells), yet an increase in T regulatory cells and striking rise in circulating CD11b+ macrophages/monocytes. The study did not specifically examine the role of the Treg cells and macrophages in ameliorating the impact of the stroke. The dramatic shrinkage of the spleen after trauma or severe injury is not only a trait of induced stroke or brain injury. In the spontaneous NOD mouse model of autoimmune diabetes and Sjogren's syndrome, the spleen dramatically shrinks as the disease progresses (Figure 4 ). This dramatic spleen shrinkage exclusively occurs in only NOD mice that progress to diabetes. There is no shrinkage of the spleen in an NOD mouse that is not diseased. Typically about 60-80% of NOD mice express disease, so the spleen response is to peripheral injury.
Studying Type II diabetes, Park et al. [35] subjected female rats to 90% pancreatectomy and then one of three conditions: splenectomy, splenectomy with injection of male splenocytes, or no splenectomy. The rats were then fed a high fat diet for five weeks, at which point insulin secretion was assessed, as was pancreatic β islet-cell mass. During oral glucose tolerance testing, splenectomy increased serum glucose levels over the other two conditions. Nonsplenectomized rats had greater β-cell replication and more newly synthesized β-islets than other groups. The investigators did not determine whether the newly synthesized β-islets represented direct differentiation of splenic stem cells and/or maturation of pancreatic precursor cells induced by growth factors secreted from splenic stem cells [37] . Other investigators have chosen to expand splenic precursors in vitro to see if induction of insulin secreting cells could be observed. Using stem cells of spleen from the quail, Roberston et al. co-cultured the stem cells with chick pancreatic epithelium, insulin-producing cells could be grown and expanded [37] . Of course for clinical purposes direct in vivo differentiation, or in vivo assisted regeneration or in vitro expansion prior to transplantation are merely details that are not relevant and one would hope that all methods of regeneration assistance are active. Nevertheless, whether the splenic stem cells play a direct or indirect role does not negate their clinical benefit.
Abnormal Splenic Stem Cell Development may Contribute to Cancer
The spleen's stem cells are not of lymphoid origin because they lack the more differentiated lymphoid marker CD45. The CD45stem cells of the spleen were compared with the spleen's more abundant population of CD45 + cells using state-of-the-art proteomics and in vivo testing [59] (Figure 5 ). The CD45cells were found to have 809 unique proteins. Among them were OCT3/4, SOX2, KLF4, c-MYC, NANOG, which are transcription factors expressed in embryonic stem cells (ES) and induced pluripotent stem cells (iPS) [60] . Research reveals that, under certain conditions, this set of transcription factors is sufficient to transform a differentiated somatic cell into a whole embryo [61] . Other unique proteins were Hox11, Gli3, Wnt2, and Adam12, all of which are transcription factors indicative of ES. Furthermore, other proteins unique to CD45splenic cells are involved in signal transduction pathways during normal fetal development-WNT2, NOTCH3, PTCH, and GLI3-which are essential to the Wnt, Notch, and Sonic Hedgehog signaling pathways. These pathways also contribute to stem cell function, and, when dysregulated, they participate in cancer cell progression [62] . The study also looked at splenic stem cells' capacity for malignant transformation by comparing the 809 unique proteins with 20 signature proteins of Hox11+ Acute T-cell lymphoblastic leukemia. Splenic stem cells possess 10 of the 20 signature proteins, but not six proteins that are known markers of cancer: DHFR, ERCC1, HPRT1, LAP18, TDT and UNG. The overlapping proteins were DNA replication factors and DNA polymerases. The study concluded that splenic stem cells have low carcinogenic potential and possess many proteins in common with embryonic stem cells. The study suggests that splenic stem cells are less lineage-committed than bone marrow stem Figure 4 : Dramatic reduction in size of the spleen with new onset type 1 diabetes in an NOD mouse. Left spleen is from a B6 control mouse, the middle spleen is from a non-diabetic NOD litter mate to the diabetic mouse (right spleen). The B6 spleen weight was 81.4 mgs, the non-diabetic NOD spleen was 89.1mgs and the diabetic NOD mouse spleen was 38.2 mgs. The normal female B6 spleen at 15-20 weeks of age weights 83.4 +/-2.9 (n=32). A shrunken NOD spleen with diabetes is uniformly observed with hyperglycemia in NOD mice (n=20 mice). The NOD spleen from female mice that do not express diabetes are consistently of a normal size (n=17 mice).
Figure 5:
Proteomics demonstrates the unique signature of proteins expressed only by splenic stem cells (CD45-Hox11+), overlapping proteins or unique proteins of the mature CD45+ splenic cells. As is common for stem cells, the repertoire of unique proteins is more diverse than fully mature cells. cells, which is consistent with the embryonic origins of the cells. It has been proposed that for cancers of Hox11 origins, a splenectomy could eliminate the cancer stem cell origins [7] .
The presence of Hox11-expressing cells is not always beneficial. Patients with Hox11 expressing acute lymphocytic leukemia might be candidates for splenectomy [7] . The rationale for splenectomy is that the cancer stem cells reside there, and that, according to the stem cell hypothesis of cancer, it is the rare stem cells rather than the cancer cells that are responsible for onset, perpetuation, and recurrence of human cancers. The most robust support of the cancer stem cell hypothesis comes from a study showing that only a small percentage of cells from human acute myelogenous leukemia, when transplanted to mice, are capable of sustaining tumor growth [63] .
Abnormal Splenic Stem Cells Development may Contribute to End Organ Failures in Autoimmunity
Hox11 stem cells may be defective in certain forms of autoimmunity. One study looked at whether developmental defects contribute to autoimmunity [24, 25] . It was prompted by puzzling overlaps between type I diabetes and Sjogren's syndrome. Many patients have co-occurring conditions and are beset by hearing loss and tongue abnormalities. Hearing loss and tongue abnormalities had been viewed as a result of autoimmune attack but lymphoid infiltrates were never observed thus that explanation could account for the fact that the abnormalities preceded the onset of both conditions. The study showed that Hox11-derived organs-pancreas, salivary gland, tongues and cranial nerves/cochlea-showed various structural or functional abnormalities suggestive of developmental defects. The study concluded that developmental lineage contributes to autoimmunity and predicts which target organs may be abnormal, whether structurally or functionally.
Although the literature often publishes more articles on the therapeutic effectiveness of bone marrow stem cells, some transplantation studies have performed direct comparisons of the two cell populations in controlled experiments. A head-to-head comparison of bone marrow versus spleen stem cells in treating salivary gland dysfunction in Sjogren's-like disease was conducted [64] . The bone marrow and spleen cellular therapies were given along with an immunotherapy to halt the progression of underlying autoimmunity. Spleen cell therapy performed as well as bone marrow therapy when given at the advanced phase of Sjogren's-like disease syndrome, whereas it performed better-in terms of salivary flow rate-when given at the initial phase of disease, suggesting that spleen cells have greater longevity. Both cellular therapies lowered TNF, TGFβ1, T and B cells, while raising EGF and T regulatory cells. Neither of the cellular therapies was found to have differentiated into salivary gland cells, suggesting that their mode of action was to secrete growth factors to regenerate endogenous cells; however, in future studies the investigators plan to analyze tissue at earlier intervals post-transplant.
Conclusions
Hox11-expressing splenic stem cells are multi-lineage cells with wide-ranging applications as cellular therapies to correct diseaserelated defects. Not only have these stem cells been shown to reverse type I diabetes, they also have been shown to ameliorate salivary gland dysfunction, cochlear dysfunction, blood and injury to heart and brain cells. Proteomics reveals that these stem cells resemble embryonic stem cells, especially by virtue of expressing key transcription factors. Spontaneous abnormalities of splenic stem cells have been identified in select forms of cancer with Hox11 origins and in at least one model of autoimmunity where the abnormal target organs are of Hox11 origin. Because of their low likelihood of transformation, this remarkable population of stem cells is gaining momentum as a more stable alternative to embryonic stem cells for tissues in which Hox11 is expressed during development.
